A numerical study is performed to investigate turbulent flow and heat transfer characteristics in the entrance region of a pipe rotating around its axis. Various different k-e turbulence models are employed whose function consists of the Richardson number in the e model to take swirling into account. The axial rotation of the pipe suppresses thermal development and causes a substantial decrease in the Nusselt number along the flow. It is disclosed from the study that an increase in the rotation rate induces a reduction in the velocity gradient, turbulent kinetic energy and Reynolds stress in the vicinity of the wall and a substantial deformation of these radial profiles in the downstream direction. It results in both a suppression of the thermal development and an attenuation in the Nusselt number along the flow.
INTRODUCTION
Transport phenomena in a pipe rotating around its axis are encountered in many industrial applications such as flows in the inlet part of fluid machinery, rotating heat exchangers and cooling systems of rotors. There was many numerical and experimental investigations on this subject, but only a few will be cited below, which are pertinent to the present study. Murakami and Kikuyama [1980] conducted an experimental study on the velocity profile and hydraulic loss in a saturated downstream region of a rotating pipe. It was disclosed that both turbulence and hydraulic loss were remarkably reduced due to pipe rotation and that streamwise velocity profile gradually deformed into a parabolic form with an increase in its speed. Kikuyama et al. [1983] determined the variation of streamwise velocity profiles using a modified mixing length theory proposed by Bradshaw [1969] . The same numerical analysis was performed by Hirai et al. [1986] using the Reynolds stress model. It was found that a change in flow characteristics induced by a swirl could be attributed to a decrease in the Reynolds stress. A combined experimental and theoretical study was performed to determine the effects of pipe rotation on fluid flow and heat transfer in a thermally and hydrodynamically fully developed flow region [1988] . It was found that an increase in the rotation rate resulted in a decrease in heat transfer performance with the Nusselt number asymptotically approaching that of a laminar pipe flow. Torii and Yang [1994] modified the existing k-e turbulence models to increase swirling effects. In their model, a function including the Richardson numbers was proposed and introduced into the e equation. The model yields substantial decreases in the friction coefficient, turbulent kinetic energy, Reynolds stress and streamwise velocity gradient in the vicinity of the wall.
Nishibori et al. [1987] investigated the transport phenomena in the entrance region of an axially rotating pipe. The boundary layer was found to be strongly stabilized by the centrifugal force due to the rotating velocity component, resulting in a laminarization of the flow. Weigrand and Beer [1990] investigated fluid flow and heat transfer characteristics in a combined hydrodynamic and thermal entrance region using a modified mixing length hypothesis, which takes into account turbulence suppression due to the centrifugal force. It was disclosed that the entrance length increases significantly with an increase in the rotation rate. However, flow laminarization mechanisms in the entrance region, particularly changes in the flow structures due to pipe rotation, are not clearly understood.
The purpose of the present study is to investigate transport phenomena in a hydorodynamically-and-thermally-developing flow region of an axially rotating pipe with uniform heat flux. Emphasis is placed on the effects of pipe rotation on flow structures 
The turbulent viscosity 1) in Eq. (6) is related to the turbulent kinetic energy k and its dissipation rate through Kolmogorov-Prandtl's relation [1982] , as
The turbulent thermal diffusivity o in Eq. (7) is given by
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The k-e models proposed by Launder and Sharma [1974], Nagano and Hishida [1987] , and Torii et al.
[ 1990] are employed in the present study. In order to include swirling effect, the model function, C 3 (in Eq. 11)), proposed by Torii and Yang [1994] 
is employed where k2wO(rw)
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The empirical constants and model functions in Eqs. (8), (10) and (11) are summarized in Table for the three turbulence models.
As pointed out by Kawamura and Mishima [1991] and Torii and Yang [1994] , if m the approximation of -v'w' in Eq. (6), is employed, the radial profile of the tangential velocity would become linear, and consequently turbulence suppression due to the centrifugal force of a swirling flow would not take place. Weigand and Beer [1990] Next is. to explore the mechanism of turbulent transport phenomena using the k-e model of Torii et al. [1990] , at N and 3, Re 10,000. The radial profiles of the time-averaged streamwise velocity, u/U, at different axial locations are illustrated in Fig Although a slight change in recognized in the velocity gradient at the wall, a nearly similar shape is seen to be maintained along the flow, resulting in a slight deformation of the velocity distribution due to the pipe rotation, as shown in Fig. 5(a) . In contrast, a remarkable change in its shape is seen in the case of a higher rotation speed, Fig. 5(b) . It is seen that as the flow goes downstream, the streamwise Experimental Data by Nishibori velocity profile gradually forms a parabolic curve, indicating a reverse transition from turbulent to laminar flow. Figure 6 illustrates the streamwise variation of the radial profiles of turbulent kinetic energy, which is normalized by the square of the friction velocity, u*, for a stationary pipe flow. The turbulent kinetic energy is seen to decrease monotonically and uniformly in the downstream direction over the whole pipe cross section. This trend is intensified in the case of a higher rotational speed. In Fig. 7 , the Reynolds stress is normalized in the same manner as in Fig. 6 . As the flow proceeds down- 
